An environmentally friendly tap-hole clay that contains almost no benzo [a]pyrene was developed using resin and pitch as binder. The effects of the pitch addition on the tap-hole clay were investigated through evaluating the physical and chemical properties together with the microstructure, phase compositions and thermal analysis. The plasticity of the tap-hole clay is significantly improved with increasing pitch addition. However, the bulk density of tap-hole clay decreases gradually with increasing pitch content after treatment at different temperatures, while the apparent porosity increases due to the evaporation of pitch components and relatively low solid components. Also, this phenomenon is the main reason for the poor volume stability of taphole clay after heat treatment at different temperatures, although mullite formation has negated some of the shrinkage. Mechanical-strength evolution of the tap-hole clay is closely related to the carbonization process of the resin and pitch at high temperatures. Oxidation resistance could be significantly improved with 2 wt % of the pitch, but there is almost no change with much more than 2 wt %. However, the higher pitch content corresponds to better slag resistance. In terms of the comprehensive performance of the tap-hole clay, 4 wt % of the pitch would be better.
Introduction
Tap-hole clay is a functional refractory material used to block the tap hole when there is insufficient molten iron in the blast furnace hearth. Meanwhile, it should be easily opened to ensure the molten iron erupting from the blast furnace. Suitable slag corrosion and iron erosion resistance of tap-hole clay are important to the safety and high efficiency of the blast furnace operation. 1) With the development of the iron making process, the tapping pressure, smelting strength and wind flux increase. Oxygenenriched blowing is also widely used in blast furnace operations. Under these circumstances, the work environment of tap-hole clay worsens and substantial attention has been paid to prolonging its durability of service.
2), 3) Tap-hole clay is traditionally prepared from raw materials of corundum or bauxite, silicon carbide, clay, FeSi 3 N 4 and coke, and it belongs to the Al 2 O 3 SiO 2 SiCC system. 4) The most widely used binders for tap-hole clay are coal tar, pitch and asphalt, which are by-products of the coke oven. 5) These traditional binders could supply good plasticity and durable performance to tap-hole clay. However, they always contain a variety of hydrocarbons and polycyclic aromatic hydrocarbons (PAHs).
6)9)
One of the most typical PAHs is benzo[a]pyrene (BaP), which has strong carcinogenic activity. The BaP content is approximately 12500 ppm in coal tar and 10000 ppm in asphalt. Its melting point is 179°C and boiling point is 475°C. This means that the majority of BaP in tap-hole clay would be distilled out, except some is burned out during the sintering process in service. Because the temperature and pressure inside the furnace are both higher than outside, BaP can exit from the tap-hole to the atmosphere. The combination of BaP with the particles in air results in the formation of many harmless aerosols. Modern medical research has shown that living in an environment with BaP for a long time would cause chronic poisoning. In fact, BaP has become one of the most serious pollution sources in the iron-making industry.
BaP has generally been listed as a representative of the atmospheric carcinogens in foreign countries. The maximum BaP content in tap-hole clay is set as 0.005 wt %, i.e., 50 ppm, in European countries. However, the iron and steel making enterprises and environmental protection department have not proposed any rules about BaP emissions in tap-hole clay in China. Domestic research and management on low BaP tap-hole clay are far behind the Western developed countries. Most of the tap-hole clay used in iron and steel making plants contains high BaP levels. For example, the BaP and other harmful contents of taphole clay used at live (THCL) by one large iron and steel company are 40 times higher than 50 ppm, as shown in Table 1 . As a result, it is urgent to develop tap-hole clays with low BaP to meet the needs of the modern iron and steel industries.
In recent years, several studies have been performed by researchers focusing on the environmental-friendly problem of tap-hole clay.
10) The BaP content in tap-hole clay is mainly attributed to the coal tar. The most common way to develop environmentally friendly tap-hole clay is to substitute coal tar with other materials that lack BaP or without asphalt. In this work, to reduce the BaP content to the level of 50 ppm or lower, some environmental-friendly resin was used as a binder and its PAHs content is shown in Table 1 . It is well known that resin has the drawbacks of hardening in advance when extruding mud or opening the tap-hole. However, the introduction of pitch into the taphole clay can overcome the drawbacks of resin. In the process of pressing tap-hole clay, pitch melts and fills the porosity and improves the plasticity. In the sintering process, pitch can be carbonized and improve the bonding strength through the carbon skeleton formation. Therefore, an environmental-friendly pitch containing little BaP (as shown in Table 1 ) was used together with resin to meet the application requirements. Therefore, the effects of the pitch addition on the properties of tap-hole clay have been investigated in this work. For comparison, the properties of tap-hole clay used at live (THCL) were also investigated.
Experimental procedure

Raw materials and specimen preparation
Brown fused alumina with a maximum grain size of 3 mm (Xingyang, China), silicon carbide with maximum grain size of 1 mm (Anyang, China), coke (D¯3 mm, Baosteel, China), ball clay (D¯0.074 mm, Nanning, China), sericite (D¯0.074 mm, Shanghai, China), kyanite (D¯1 mm, Xingtai, China), silicon nitride-iron (D¯0.074 mm, Dingxing, China), resin (synthesized by Wuhan University of Science and Technology), and pitch (D¯0.074 mm, Changzhou, China) were used as raw materials, and their chemical compositions were shown in Table 2 . Five tap-hole clay materials with different pitch contents were fabricated and marked as L0, L2, L4, L6 and L8, respectively, as shown in Table 3 .
The matrix part (finer than 0.074 mm), including the pitch, were pre-mixed together mechanically for 2 h by ball mill. The coarse grains were first dry-mixed for 5 min in an edge-runner mill apparatus followed by gradual addition of half the amount of resin and homogenized for another 5 min. Then, pre-mixed powder was added into the mixer and mixed for another 5 min. Finally, the remaining resin was added and mixed for a total of 30 min.
Specimens were prepared into different dimensions at a uniaxial pressure of 30 MPa. Prepared samples were then heat treated at 220°C for 24 h and fired at 1100 or 1400°C for 3 h in a reducing atmosphere.
Test methods
Chemical analysis of the resin, pitch and tap-hole clay were performed using the gas chromatography and mass spectrometry (GCMS) method, which was according to the ZEK 01.4-08/Afps GS 2014:01 PAK standard.
11),12) Mixed tap-hole clay (500 g) was treated at 60°C for 30 min and then filled into a special modulus (shown in Fig. 1 Noted: N.D indicates the items can not be detected, which also suggests that the contents of items are almost zero. JCS-Japan hole clay was squeezed out from the squeezing hole is used to evaluate the plasticity of tap-hole clay. The hot modulus of rupture (HMOR) referred to the material can withstand the ultimate bending stress is used to evaluate the capacity of the resistance to the bending moment at high temperature. It was tested according to the three-points bending method after firing at 1400°C for 3 h in Ar atmosphere and was calculated by:
where R e is the HMOR (MPa), F max is the maximum load (N), and b (mm) and h (mm) are the width and height of the samples, respectively. The bulk density (BD) and apparent porosity (AP) were measured by the Archimedes method using water as the immersion liquid. The cold crushing strength (CCS) and linear change (LC) were tested according to the Chinese standard GB/T 5072-2008 and GB/T 5988-2007, respectively.
For oxidation tests, the decarbonized areas of cross-sectioned cylindrical samples were measured to acquire a quantitative analysis of carbon oxidation evaluation after firing at 1100°C for 3 h in oxidation atmosphere. The actual decarbonized area in each sample was measured with the counting-pixels method. The oxidation index, I d , is expressed in Eq. (2).
Where S 0 is the original cross section area of the sample, S d is the area of the decarbonized part in the sample cross section after the oxidation test.
The slag resistance test was performed using a static crucible method. The blast furnace slag (7 g, shown in Table 4 ) was put into a crucible sample (¯50 mm © 50 mm with an inner hole of 20 mm © 16 mm) and then heated up to 1400°C in the oxidation atmosphere and dwell for 3 h. Corroded samples were cut along the central axes to examine the slag resistance, and the slag corrosion indexes were measured by the counting-pixels method. The corrosion index I c is obtained by the following Eq. (3).
where S 0 is the original section area of the crucible inner chamber and S c is the section area of the refractory that was completely replaced by slag. Phase compositions of the tap-hole clay were analysed by X-ray diffraction (XRD) (X'pert Powder, PANalytical, the Netherlands). XRD patterns were recorded in the angle range from 10 to 90°(2ª), at a scanning rate of 0.0671/s. The microstructure characterization of the samples was performed by scanning electron microscopy (SEM) (EVO 18, CarlZeiss, Germany) through secondary electron (SE) and back scattered electron (BSE) systems fitted with an energy dispersive X-ray spectroscopy (EDS) (X-MaxN, OXFORD instruments, England). The samples for SE observation were prepared by crushing the samples to form small grains. Some samples were corroded in HF solvent. Thermogravimetric (TG) analysis was performed by a Netzsch STA 449F3 (Germany) device using a heating rate of 10°C/min in N 2 atmosphere at a flow rate of 30 ml/min.
Results
PAH test
Normally, resin and pitch are the main possible resources of PAHs of all raw materials for tap-hole clay. As shown in Table 1 , it is clear that the resin is free of BaP, and this indicates the pitch is the only possible resource containing BaP. The higher the pitch that the tap-hole clay contained, the higher the BaP. Aiming to be environmentally friendly, it is vital to test the PAH contents of the L8 sample due to its high pitch content according to Table 3 , and the results are shown in Table 5 . The L8 sample was nearly free of BaP and contained fewer other PAHs. This suggested taphole clay with less than 8 wt % of pitch was also free of BaP and could reach the European standard for BaP emissions in tap-hole clay.
Plasticity in the Marshall value
With the increasing pitch contents from 0, 2, 4, 6 to 8 wt %, the Marshall values of tap-hole clay were 0.68, 0.67, 0.63, 0.6 and 0.58 MPa respectively. Hence, the Marshall value decreased with increasing pitch content. This indicated the plasticity provided by the pitch significantly contributed to the Marshall value decrease. A higher pitch in tap-hole clay resulted in better plasticity and lower Marshall values. It is well known that good installation of tap-hole clay depends on its plasticity to some extent. If the Marshall value of tap-hole clay is too high, it will not be easy to shoot the tap-hole clay into tap-hole and remove it, which may affect the operation of extruding slag or tapping. By contrast, when the Marshall value is too low, the mechanical strength of tap-hole clay is always low; also, it is hard to keep the tap-hole at the proper depth in service. As a result, the Marshall value should be carefully controlled to a suitable level.
BD and AP
As shown in Fig. 2(a) , the BD of tap-hole clay with pitch decreased significantly when increasing the heat-treat temperature from 220 to 1100°C and 1400°C. The BD also presented with a slightly decreased trend with increasing pitch addition. By contrast, the AP of tap-hole clay treated at 220°C was much lower than that of heat treated at 1100 and 1400°C. Meanwhile, higher sintering temperature might contribute to the densification of taphole clay, as shown in Fig. 2(b) . Although the AP showed a gradually declining change after drying at 220°C for 24 h, 4 wt % of pitch addition was better for tap-hole clay to achieve lower porosity after heat treatment at high temperatures up to 1400°C.
CCS, HMOR and LC
The CCS of tap-hole clay with different pitch contents treated at different temperatures is shown in Fig. 3 . It was easy to observe that the CCS of tap-hole clay treated at different temperatures presented the same increasing trend versus pitch content. When tap-hole clay was treated at 220°C, CCS showed a slight increase from 15.5 to 17 MPa with increasing pitch content. With increase in the sintering temperature to 1100 and 1400°C, the tap-hole clay CCS quickly increased from 13.5 MPa without pitch to approximately 18 MPa with 8 wt % of pitch addition. Figure 3 also indicated that much more than 4 wt % of pitch was helpful for CCS evolution after firing at 1400°C.
The HMOR of tap-hole clay presented a increasing trend from 1.51, 2.05, 2.24, 2.29 and gradually to 2.5 MPa with the increasing pitch content. The results indicated that the pitch addition had a positive effect on improving the HMOR of tap-hole clay. With 2 wt % of pitch, the HMOR significantly increased from approximately 1.5 MPa to higher than 2.0 MPa, but with more pitch addition up to 8 wt %, HMOR slowly increased. Figure 4 showed the LC of tap-hole clay after heat treatment at different conditions. After firing at 1100°C, the LC of the taphole clay presented a declining trend with increasing pitch addition and all LC values of tap-hole clay with 08 wt % of pitch addition were negative. This meant that tap-hole clay had significant volume shrinkage after heat treatment at 1100°C and much higher pitch contents induced significantly more shrinkage. When the heat-treating temperature was increased up to 1400°C, taphole clay without more than 2 wt % of pitch addition showed small expansion. However, with increasing pitch content, taphole clay continued to have significant volume shrinkage that increased with increasing pitch content. The difference between LC of tap-hole clay treated at 1100 and 1400°C revealed that the temperature affected the volume stability through physical and chemical reactions that occurred at high temperatures.
Oxidation resistance
The oxidation indexes measured with the counting-pixels method of tap-hole clay after oxidation tests at 1100°C for 3 h are shown in Fig. 5 . A non-oxidized region (black area) and oxidized region (gray area) are visible in Fig. 5 . It was obvious that the oxidation index significantly decreased from ³0.48 to ³0.26% with increasing pitch content to 2 wt % and almost maintained a constant value of ³0.26% until the pitch addition was up to 6 wt %. With continuous increase in the pitch addition to 8 wt %, JCS-Japan the oxidation index had an increasing trend and there was a corresponding decrease in the oxidation resistance. Figure 6 presented the corrosion indexes of tap-hole clay after corrosion testing at 1400°C for 3 h in air atmosphere. As clearly observed in Fig. 6 , all tap-hole clay materials with different pitch contents had excellent corrosion resistance. However, quantitative evaluation of the corrosion resistance indicated that no more than 4 wt % of pitch addition had almost any effect on the corrosion resistance, while 68 wt % of pitch would effectively improve the corrosion resistance of tap-hole clay.
Slag resistance
Discussion
For carbon bonded refractory materials, they are often heattreated at approximately 200°C to achieve mechanical strength through the binder carbonization process.
13) The developed taphole clay in this paper was bonded by resin and pitch together. In addition to resin and pitch, coke was another carbon raw material. During the heat-treatment process at 220°C, only resin had significant weight loss according to Fig. 7 , but coke and pitch had no almost change in weight. It should be noted that the solid components, except for additional resin and pitch, are 100 wt %.
So, the total mass of the five samples were different after adding the additional resin and pitch. Therefore, all components percentage should be recalculated, namely the normalization process. After all components are normalized, more binder of resin together with pitch corresponds to less solid contents, as shown in Table 6 . This may be the reason for the BD of tap-hole clay to decrease with increasing pitch content duo to the solid contents decreased after normalization. In fact, after normalization, all formulas of the tap-hole clay have increasing pitch contents with slightly decreasing resin content. Less resin indicates there are fewer evaporation components according to Fig. 7 . In addition, the pitch has changed into liquid phase (softening point 180°C) which could further fill the pores during the setting process, leading to the decrease of AP shown in Fig. 2(b) . Meanwhile, this also induced a gradual increase in the cold crushing strength after heat-treatment at 220°C.
By increasing the temperature to 1100°C, further evaporation of CH 4 , CO, H 2 , CO 2 , phenol, and benzene as well as some other organic volatilization from resin, coke and pitch. This gave rise to mass loss according to Fig. 7 , which resulted in the smallest BD and biggest AP of tap-hole clay as well as the biggest LC, as shown in Fig. 4 , after heat-treatment at 1100°C.
Meanwhile, the carbonization process of resin and pitch were completed at a temperature of 1000°C, and different carbon net structures were formed, as shown in Fig. 8 . Normally, a glasslike structure would be derived from resin after carbonization, but the three-dimensional net like structure would be attained from the pitch after carbonization.
14)16) Due to the different carbon net structures, the cold crushing strength of tap-hole clay quickly increased with the pitch content increase after firing at 1100°C, as shown in Fig. 3 . With further increase in the heat treating temperature up to 1400°C, the reactions addressed in Eqs. (4)(7) would successively occur. In the tap-hole clay system, mullite formation mainly came from the decomposition and reactions between Al 2 O 3 and SiO 2 . 17) With respect to the decomposition, the kyanite decomposed rapidly at 13001350°C as well as generated mullite and amorphous SiO 2 through Eq. (4). Additionally, kaoline, which came from ball clay, decomposed as the temperature increased through Eqs. (5) and (6) 
XRD analysis was performed on the L2 sample, as shown in Fig. 9 , and suggested that mullite appeared in the tap-hole clay as a new phase as a result of the reactions after the heat treating temperature was increased to 1400°C. To further confirm the mullite formation, the microstructure of the L2 sample after firing at 1400°C for 3 h was observed by the SEM, as shown in Fig. 10 . The mullite crystalline was nearly encapsulated by the liquid phase, but it could clearly be observed after corroded by HF solvent. Therefore, the volume expansion followed by mullite formation (up to 1400°C according to Fig. 9 ) could reduce the shrinkage of tap-hole clay that mainly arose by the carbon binder carbonization process (2501000°C). This could also be used to explain the LC of tap-hole clay, which became positive after heat treatment at 1400°C with not much more than 2 wt % of pitch, as shown in Fig. 4 . Whereas, the LC of tap-hole clay with much more than 2 wt % of pitch remained negative even when heat treated at 1400°, because the expansion effect induced by mullite was not sufficient to overcome the shrinkage caused by pitch. Despite the formation of mullite in the tap-hole clay, it seemed that the three dimensional net structure attained from pitch affected the mechanical strength much more than the mullite binding effect. This was the reason for the cold crushing strength of tap-hole clay heat treated at 1400°C to have a little increase compared that of 1100°C. Additionally, the significant improvement of HMOR for tap-hole clay with increasing pitch addition also indicates the pitch was beneficial to the HMOR due to its three dimensional net structure after carbonization.
Additionally, the carbon net structure attained by pitch carbonization was also beneficial for corrosion resistance. The more pitch the sample contained, the more carbon net structure the sample retained after firing. The corrosion resistance significantly increased compared to the pure resin bonded system (L0). Also, the poor wettability of carbon by slag made it difficult for slag to penetrate further. 18) Consequently, the corrosion resistance increased with increasing pitch content, as shown in Fig. 6 . The oxidation resistance of tap-hole clay mainly depended on its structure, especially the pore size and amount which control the oxygen diffusing into material. The apparent porosity shown in Fig. 2(b) contributed the similar trend of oxidation indexes of tap-hole clay, i.e., the oxidation resistance presented at first increased and then decreased with variations in the increasing pitch content, as shown in Fig. 5 .
Comparisons with THCL
With respect to the THCL sample, all physical properties mentioned above were also measured for comparisons, as shown in Table 7 . Compared to the developed tap-hole clay, the THCL had the lowest Marshall value and AP, but it had the highest BD and CCS, except for that at 220°C. The permanent linear change demonstrated shrinkage after firing at 1100°C and further shrank after firing at 1400°C. Additionally, the HMOR, oxidation resistance and corrosion resistance of developed tap-hole clay could reach the THCL with appropriate pitch additions.
Conclusions
By replacing the coal tar with synthesized resin, environmentalfriendly tap-hole clay could be developed using resin and pitch as binder. The developed tap-hole clay contains almost no BaP and can fulfil the requirements of European standards.
Investigations have been performed on the relationship between the pitch content and properties of tap-hole clay. The Marshall value of tap-hole clay significantly decreases with increasing pitch addition. However, with increasing pitch content, the bulk density of the tap-hole clay gradually decreases after treatment at different temperatures; correspondingly, the apparent porosity also presents with an increasing trend due to the evaporation of pitch components and relatively low solid components with high density. The linear change of the tap-hole clay after heat treatment at 1100°C was negative because of the further carbonization process of the binder. With increasing the heat treatment temperature up to 1400°C, mullite formation has negated some shrinkage of tap-hole clay with no more than 2 wt % of pitch. However, tap-hole clay with much more than 2 wt % of pitch has obvious shrinkage. Cold crushing strength and hot modulus of the rupture of tap-hole clay have a close relationship with the carbonization process of resin and pitch at high temperature. The temperature effect on the Mechanical-strength evolution seems slight. The three dimensional net structure of carbonized pitch is much more beneficial to the mechanical strength than resin. Oxidation resistance could be obviously improved with 2 wt % of pitch, but it almost requires no change with much more than 2 wt % of pitch. However, the much higher pitch content corresponds to better slag resistance. Both oxidation resistance and slag resistance of tap-hole clay are greatly influenced by the total carbon content and microstructure.
Considering the comprehensive performance of tap-hole clay, 4 wt % of pitch would be better.
